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Abstract 



Measurements of polarized electron-nucleon scattering can be realized at the TESLA linear collider 
facility with projected luminosities that are about two orders of magnitude higher than those expected 
of other experiments at comparable energies. Longitudinally polarized electrons, accelerated as a small 
fraction of the total current in the e+ arm of TESLA, can be directed onto a solid state target that may 
be either longitudinally or transversely polarized. A large variety of polarized parton distribution and 
fragmentation functions can be determined with unprecedented accuracy, many of them for the first 
time. A main goal of the experiment is the precise measurement of the x- and Q^-dependence of the 
experimentally totally unknown quark transversity distributions that will complete the information 
on the nucleon's quark spin structure as relevant for high energy processes. Comparing their Q^- 
evolution to that of the corresponding helicity distributions constitutes an important precision test 
of the predictive power of QCD in the spin sector. Measuring transversity distributions and tensor 
charges allows access to the hitherto unmeasured chirally odd operators in QCD which are of great 
importance to understand the role of chiral symmetry. The possibilities of using unpolarized targets 
and of experiments with a real photon beam turn TESLA-N into a versatile next-generation facility 
at the intersection of particle and nuclear physics. 
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1 Introduction 



Today there is widespread confidence that Quantum Chromodynamics (QCD) is the cor- 
rect theory of strong interactions. On the level of unpolarized parton distribution functions 
the theory has been tested with considerable precision by many experiments. However, 
after 10 years of intense theoretical and experimental activities in studying the polar- 
ized nucleon, the angular momentum composition of the nucleon remains a territory with 
blank spots. High precision data in a large kinematic domain are required to fully explore 
the spin structure of QCD. 

Measurements of polarized deep-inelastic scattering (DIS) were up to now mostly per- 
formed with longitudinally polarized nucleons. Hence, the majority of experimental infor- 
mation on the angular momentum composition of the nucleon is restricted to its longitudi- 
nal spin structure. This is characterized through the helicity distributions Ag(x, Q'^) (also 
known as longitudinal quark spin distributions), where q denotes the quark flavor, the 
'Bjorken- variable' x is the fraction of the nucleon momentum carried by the interacting 
parton and is the virtuality of the exchanged photon. However, of equal importance 
for a complete understanding of the spin structure of the nucleon as seen in high-energy 
processes, are the hitherto unmeasured transversity distributions 5q{x,Q'^), which can 
only be measured with transversely polarized nucleons. 

While a weighted sum of the helicity distributions Ag(x, Q'^) is directly accessible in inclu- 
sive deep-inelastic scattering (DIS) as the longitudinal spin structure function gi{x^Q'^), 
the transversity distributions 5g(x, Q"^) do not appear in an inclusive structure function. 
They can, however, be measured in semi-inclusive DIS processes which implies a substan- 
tially higher experimental effort. In comparison, the perspectives of RHIC for a direct 
measurement of transversity are not good 

First results on transversity distributions can be expected from HERMES and COM- 
PASS 0] within 3-5 years from now, while a complete high precision mapping of their x- 
and Q^-dependence requires high statistics measurements that are beyond the scope of 
presently or soon running experiments. 

An important reason for the interest in the transversity distributions and their first mo- 
ments, the tensor charges, is the fact that these quantities are related to matrix elements 
of chirally odd operators in QCD ||^. All known low-energy probes of hadrons such as 
electromagnetic or weak currents are chirally even, so that low-energy experiments cannot 
provide any information about chirally odd matrix elements^. Inclusive DIS at large 
(both unpolarized and polarized) measures only chirally even operators, hence a whole 
class of operators so far remained unmeasured because of the lack of suitable 'natural' 
probes coupling to them. Hadrons are expected to react very differently to chirally odd 
probes as compared to chirally even ones; e.g. the coupling of the flavor non-singlet tensor 
charge to pions is completely different from that of the axial charge A measurement 
of the transversity distributions and tensor charges would for the first time provide an 
opportunity to access the 'missing' chirally odd operators. In this way it would greatly 
improve the understanding of the role of chiral symmetry in shaping the structure of the 
QCD ground state and of the low- mass hadrons. 



^ An exception is the so-called sigma term, whose effect on hadrons is, however, proportional 
to the small current quark masses. 
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The successful understanding and use of itnpolarized distribution and fragmentation func- 
tions in various processes have given confidence that QCD can be used not only for the 
extension to polarized functions. Moreover, it is also applicable for contributions of higher 
orders in the coupling constant ag or beyond leading order in an expansion in the inverse 
hard scale {Q for deep-inelastic leptoproduction), which is referred to as higher twist. 
Progress in these directions requires to develop new calculational techniques as well as 
novel methods to solve the evolution equations associated. These more involved aspects of 
QCD are just those that are perceived by many theorists to be the most interesting ones. 
It is widely accepted that QCD is rich enough as a theory to be able to generate the entire 
hadron and nuclear physics phenomenology. One crucial aspect, however, for most of the 
relevant physics, namely a complete and systematic control of all relevant higher-order 
and higher-twist contributions is still not in reach. Straightforward QCD perturbation 
theory often only converges for some limited kinematic configurations. This is in striking 
contrast to the fact that much of the available experimental data is easily interpreted 
by a combination of leading order perturbative calculations and some 'intuitive' power- 
correction terms. It suggests that for many signals a QCD-description could be pushed 
down to photon virtuahties as low as = 1 GeV^. High accuracy measurements in this 
domain will provide definitive tests for higher-order and higher-twist QCD calculations. 

To the extent that the focus of hadron physics turns to higher energies and more exclu- 
sive reactions, a corresponding move is about to begin from the traditional, somewhat 
'model-oriented' nuclear physics approach towards real QCD descriptions. Recent theo- 
retical investigations encourage such efforts by strongly pushing the limits of previous 
QCD-techniques towards a much better description of semi-inclusive and exclusive re- 
actions. This requires an extension of the classification of polarized twist-2 and twist-3 
distribution and fragmentation functions plus a realistic phenomenology and more sophis- 
ticated hadron wave functions. A great potential to achieve an even deeper understanding 
of the nucleon structure may arise from a comprehensive, generalized analysis of many 
different processes based on the new tool of skewed parton distributions (SPDs). 

The study of hadron structure has another important facet in that it would supply badly 
needed input for the interpretation of data from Tevatron and LHC. A better under- 
standing of the interplay between soft and hard contributions in exclusive processes is 
relevant for the success of the B-factorics at hadron colliders. Issues of great importance 
for the LHC include a better determination of the gluon distribution for the whole range 
of Bjorken-a; as well as a better understanding of isolated photon production, which is an 
important background for if — > 7 -|- 7. 

Within the nuclear and particle physics communities there exists an increasing conviction 
in the necessity of a new facility to study polarized lepton-nuclcon/nuclcus scattering with 
very high luminosity and a high enough center-of-mass energy to cover a sufficient kine- 
matic domain. This document outlines the TESLA-N project, which would use one arm 
of the TESLA hnear collider at DESY for a polarized electron-nucleon fixed-target exper- 
iment. The current discussions about ELFE@DESY, ELFE@CERN, eRHIC, EPIC, or a 
long-term high-energy option for CEBAF arc all variations on the same subject. TESLA- 
N is a highly competitive and very cost-effective alternative option. Its distinguishing 
property is the unique combination of large center-of-mass energy and high luminosity. 
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2 Physics Prospects 



The HERMES resuhs that have emerged over the recent past are demonstrating the 
richness of polarized electron-nucleon physics. The higher energy and the much higher 
luminosity of TESLA-N are expected to again significantly enlarge the number and variety 
of observable effects as well as the precision with which they can be studied. Naturally, 
today a theoretical understanding is only available for a part of this potential. Hence, the 
following list of topics illustrates rather than exhausts the physics potential of TESLA-N. 

Detailed projections for the statistical accuracy attainable in one of the TESLA-N key 
experiments, the precise measurement of the transversity distributions, are given in the 
following section. Projections for all other topics are included in the sections following be- 
low, whenever available. All given projections are based on an integrated luminosity of 100 
fb~^. This represents a conservative estimate for one year of data taking (cf. section [X^ ). 

2.1 Transversity Distributions 

The nucleon as a spin 1/2 hadron is characterized by three independent flavor sets of 
(leading order) quark distributions. The distributions q{x, Q"^) - or /i (x, Q^) - describe 
the unpolarized nucleon. The transversity distributions Q^) - also referred to as 
hKxjQ"^) or sometimes as At(3'(x, Q^) - as well as the helicity distributions Ag(x, Q^) - 
also referred to as gKx, Q^) - describe aspects of the internal spin structure of the nucleon. 
One important difference between the latter two lies in their different QCD evolution. In 
contrast to the helicity distributions, the transversity distributions decouple from gluons. 
The reason is, that the transversity distributions are chirally odd, involving correlations 
between left- and righthanded quarks. Since Aq{x, Q^) and Sq{x, Q^) describe the quark 
polarization in longitudinally and transversely polarized nucleons, respectively, they are 
independent functions. However, in the most naive approximation using non-relativistic 
quarks 6q{x) ~ Aq{x) can be expected. 

The first moments of the distribution functions give particular charges, which are ma- 
trix elements of local operators. For the unpolarized distributions the first moments of 
q{x, Q'^) — q{x, Q^) give the flavor charges. For the helicity distributions the first moments 
of Ag(a;, Q^) + Ag(a:;,Q^) give the axial charges Ag((5^). The flavor sum of these axial 
charges, AZl(Q^), is the longitudinal quark spin fraction whose properties have given rise 
to all the commotion around the nucleon spin because of its anomalous evolution involving 
the polarized gluon distribution. The flrst moments of 6q{x, Q"^) — 6q{x, Q"^) are called ten- 
sor charges 5q{Q'^)] their flavor sum is denoted (5E((5^). Experimentally nothing is known 
about the tensor charges, in contrast to the flavor and axial charges. While for the ax- 
ial charges the nonsinglet combinations can also be measured in low-energy experiments 
(weak decays), no such experiments are known for the tensor charges. The tensor charges 
Sq{Q^) and their flavor sum 5E((5^) are valence objects and decouple from gluons and sea 
quarks. In this respect, the tensor charges are expected to be closer to the non-relativistic 
limit than the axial charges. This is supported by recent lattice QCD calculations [§,0- 
Reference quotes values of AS = 0.18 ± 0.10 for the longitudinal quark spin fraction 
and 6Ti = 0.562 ± 0.088 for the quark tensor charge at = 2 GeV^. 

As mentioned previously, the transversity distributions Sq{x, Q^) are not accessible in 
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inclusive measurements, because they are chirally odd and only occur in combinations with 
other chirally odd objects. In semi-inclusive DIS of unpolarized leptons off transversely 
polarized nucleons several methods have been proposed to access Q^) via specific 
single target-spin asymmetries: 

(1) An asymmetry that involves 5q{x, Q"^) in combination with the chirally odd polarized 
fragmentation function Hi^^\z) can be extracted from the azimuthal distribution 
of the produced single hadron P|-p^. This fragmentation function correlates the 
transverse spin of a quark with a preferred transverse direction for the production of 
the pion. 

(2) A measurement of the momenta of two leading pions gives access to an asymmetry in 
which Sq{x, Q^) combines with a so-called interference fragmentation function 



T5[| . Here the transverse spin of the quark is correlated with the relative transverse 
momentum between the pions. 

(3) The determination of transverse components of the spin vector of produced A par- 
ticles allows the measurement of an asymmetry where 6q{x, Q"^) combines with a 
polarized fragmentation function Hi (z) . 

(4) Vector-meson production provides other ways to probe Sq{x, Q"^) employing polarime- 
try and azimuthal asjTumetries ||T7| , p!8| . For p-production, where the polarimetry in- 



volves a pion pair, it is part of the above two-pion production. 

Option (1) offers the experimentally most direct access to Q^)- An appropriately 
weighted cross-section asymmetry can be expressed as a flavor-sum where each transver- 
sity distribution function 5q{x, Q^) enters in combination with a hitherto unknown polar- 
ized fragmentation function Hi^^^'^{z) of the same flavor [10|: 



A(x0^z)-P D ^.^^ 5q{x,Q-) Hl^'^%z) 

AAx, Q,z)-Pr-D^^. ^^e^ ,(,,g.) ^.(,) (1) 

Here Dnn is the transverse polarization transfer coefficient, Pt is the nucleon's transverse 
polarization, and D\{z) is the unpolarized quark fragmentation function that recently has 
attracted renewed interest (cf. section 



Measurements of different asymmetries in the production of positive and negative pions 
on proton and deuteron targets ( , , A^^ , ) allow the simultaneous reconstruc- 
tion of the shapes of the unknown functions Q^) and the ratio Hi^^\z) / Di{z). This 
ratio is considered to be flavor independent in the context of this study. The relative 
normalization can be flxed through independent measurements of Hi^^\z), e.g. in e"'"e~ 
experiments. Alternatively, an additional assumption can be used, where one of the pos- 
sibilities is to relate 5q{x) to Ag(x) at small values of Q^. The differences between both 
are smallest in the region of intermediate and large values of x, hence the normalization 



ambiguity can be resolved at xq = 0.25 by assuming 



5u{xq,QI) = ^u{xq,QI) (2) 

Measurements of all possible asymmetries, A'p^}'^ \ for iV(a;,Q2) points in the (x, Q^)-plane 
and for A^^ points in z yield 4 ■ Nf^^^Q2-^ ■ measurements. This must be compared 
to 4 ■ N(^x,Q'^) unknown parameters, corresponding to the quark distributions 
5d{x,Q'^), 5u{x,Q'^), 5c/(x, Q^), and to unknown values of Hi'^^\z) / Di{z). If kaon 
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asymmetries are measured in addition, the distributions 6s{x, Q^) and 5s{x, Q^) can be 
included as well. This defines an overconstrained set of coupled equations which can be 
solved using a standard minimization procedure. 



For the determination of the projected statistical accuracies for future measurements of 
Q"^) at TESLA-N reasonable input is required for the unknown functions Q"^) 
and Hi^^\z) / Di{z). The former ones were assumed to coincide with the GRSV LO pa- 
rameterization 1^ for Ag(x, Q"^) at the initial scale of = 0.4 GeV^ and evolved to 
higher values of using the DGLAP equations for transversity distributions. The result- 
ing distributions approximately obey the Soffer bound pT|J22|] . All T-odd fragmentation 
functions are constrained by a sum rule but otherwise hardly known. The ratio of 
fragmentation functions was modelled by adopting the approach of reference [|TU| and fit- 
ting the parameters to recent HERMES and DELPHI [^] data. These results indicate 
that the fragmentation function Hi^^\z) may be quite sizeable. Hadron distributions in 
semi-inclusive production were obtained using the standard generators LEPTO |^ and 
JETSET m. 




1 10 10 10 

GeV^ 

Fig. 1. The valence li-quark transversity distribution as a function of x and as it would be measured 
at TESLA-N, based on an integrated luminosity of 100 fb^^. The curves show the LO Q^-evolution 
of the u^-quark transversity distribution obtained with a fit to the simulated asymmetries. 



The projected statistical accuracy for the measurement of the (x, (5^)-dependence of the 
ti^-quark transversity distribution at TESLA-N is shown in figure ^ A broad range of 
0.003 < X < 0.7 can be accessed in conjunction with 1 < < 100 GeV^, with an 
impressive statistical accuracy over almost the full range. Because of u-quark dominance 
in pion electroproduction a somewhat lower accuracy is attained in the reconstruction of 
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the other transversity distributions, 6dy, 6u, and 6d. 

There is a technically different approach to determine the unknown quark distributions 
and fragmentation function ratios using parameterized transversity distributions. The 
starting point is a parameter-dependent ansatz for every Sq{x,Ql), e.g. 

6q{x,Ql) =r/g-x"'(l-x)^«(l + 7gx + pgv^) (3) 

at a reference scale Qq. Here rjq, aq, Pg, ■jg, and Pg are free parameters. These free pa- 
rameters and the unknown fragmentation function ratios H^^^^ (z) / Di (z) are fitted to the 
simulated values of the asymmetries, calculated through eq.(|I|). In this procedure the dis- 
tribution functions are evolved in leading order to the necessary Q^-values using the above 
ansatz. The resulting functional dependence for x ■ 6uv{x, Q^) is represented by the lines 
drawn in figure ^ In addition, the fit also provides a projection for the accuracy of the 
tensor charges of u- and d-quarks of 0.88 ± 0.01 and —0.32 ± 0.02 at the scale of 1 GeV^, 
respectively. Note that the absolute values of the tensor charges are defined to a large 
extent by the input distributions, although the values are rather close to those predicted 
by lattice QCD calculations. At the same time, the fit yields precise values for the ratio of 
polarized and unpolarized favored quark fragmentation functions H^^^^'^ (z) / DKz) . The 
projected accuracies, assuming flavor independence, are shown in figure 0. 




Fig. 2. Projected accuracy of the ratio {z) / Di{z) of polarized and unpolarized fragmentation 

functions. The statistical errors are smaller than the point size. 

Option (2) (cf. p. ^) focuses on the interference between the s- and p-wave of the two- 
pion system around the p mass. Via the interference effect the polarization information 
of the quark is contained in x /c_ ■ S'_l, where /c+, and Sx_ are the three- momenta 
of 7r+, 7r^, and the nucleon's transverse spin, respectively. The corresponding asymmetry 
depends on the chirally odd s — p wave interference quark fragmentation function dq^ {z) 
which is unknown at present, although it can be measured in e^e~ experiments as well. 
Theoretically, there is an upper bound for this function that allows the estimation of the 
maximum possible asymmetry at TESLA-N. The asymmetry is predicted to have different 
signs below and above the p-meson mass. To avoid averaging to zero, it must be considered 
separately in two regions of the two-pion mass, e.g. 0.51-0.74 GeV and 0.78-0.97 GeV. 
The corresponding expectations for the asymmetry are shown in figure |^. 

At TESLA-N luminosity and kinematic range will be large enough to perform a full flavor 
separation of both the distribution and the fragmentation functions of the transversely 
polarized nucleon. This requires measurements of asymmetries in different final states, as 
well as Q^-values that are large enough for factorization to be effective. TESLA-N will 
meet these requirements. 
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Fig. 3. The maximum asymmetry for the two-pion system as a function of x and as it would be 
measured at TESLA-N with an integrated luminosity of 100 fb^^. Results are shown separately for 
both two-pion mass regions. 



2.2 Helicity Distributions 



The luminosity and kinematic range available at TESLA-N will allow the determination 
of the longitudinal spin structure function gi{x, Q"^) through inclusive measurements with 
unprecedented accuracy. The structure function gi^x.Q"^) represents a particular com- 
bination of the helicity distributions Am, Ad and As and the corresponding antiquark 
distributions. The projection for gi{x, Q^) is shown in figure ^ The anticipated precision 
in conjunction with the wide kinematic range will allow studies that so far have not been 
possible. Prominent examples are the determination of AG from NLO fits (cf. section [27^ ) , 
higher twist analyses (cf. section |2.4] ) and a precise determination of the strong coupling 
constant ag through the Bjorken sum rule. 



SMC and HERMES have provided relevant information on the longitudinally 



polarized u-quark and d-quark distribution functions. In addition, future HERMES data 
will allow to constrain As(x,Q^), Au{x,Q'^) and Ad{x,Q^), however, with limited preci- 
sion. Semi-inclusive measurements with high precision can be provided at TESLA-N, due 
to the increased luminosity and kinematic range. 

For example, a precise measurement of Ad{x, Q"^) — A'u(x, Q"^) will strongly influence the 
picture of the nucleon structure in general. This is the direct parallel to the unpolarized 
case, where the difference d{x, Q^) — u{x, Q"^) was measured to be large. An even larger 
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Fig. 4. Projected statistical accuracy for a measurement of gi{x,Q'^) at TESLA-N, based on a 
luminosity of 100 fb^^ and a minimum detector acceptance of 5 mrad. Two EMC/SMC data points 
are outside of the shown vertical range. 

effect is actually predicted for Ad{x, Q^) — Au{x, Q"^) by e.g. the chiral quark-soliton 
model ||30|. The same holds true for the polarized strange-quark distributions As and As 
which has been an unresolved central issue in the discussion of the nucleon spin structure 
for more than 10 years. 



2.3 Polarized Gluon Distribution 



The polarized gluon distribution AG(x, Q^) of the nucleon is essentially unknown as of 
today. There is a variety of approaches to determine AG'(x, Q^); the most promising 



methods in polarized DIS are the analysis of pairs of high-p^ hadrons |^T|, and open 
charm production . 



A first indication for the sign and approximate size of AG (a;) has already been provided 
by HERMES through the analysis of quasi-photoproduced pairs of 'high'-p^ hadrons |^ . 



However, the analysis has to rely on phenomenological event generators, which, due to 
the limited cm. energy, are run at the limits of their validity range. The size of the result- 
ing theoretical error is controversial, but it is generally not expected that HERMES can 
provide a precision measurement of AG(x) along these lines. In contrast, for the consid- 
erably higher energies of TESLA-N these problems should be tractable. The anticipated 
COMPASS results will provide very valuable information, but a high precision experiment 
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like TESLA-N is eventually needed for a reliable result. At RHIC, the determination of 
AG(x) is also not without problems in view of the great theoretical uncertainties in direct 
photon and heavy quark pair production and accounting for the fact that the detectors 
PHENIX and STAR are optimized for heavy-ion physics. An independent determination 
in lepton-nucleon scattering is clearly needed to reach solid ground. Up to now, no pro- 
jections exist for measurements of the Q^-dependence of the polarized gluon distribution. 
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Fig. 5. Projected statistical accuracies for the measurement of AG(x)/G(x), based on an integrated 
luminosity of 100 fb"^ in comparison to projections from RHIC 0, HERMES @, and COM- 
PASS |36|. A study of the systematic uncertainties due to the Xgiuon reconstruction procedure and 
due to QCDC background (right-most points) has not yet been completed. The phenomenological 
predictions [37| were calculated for = 10 GeV^. 



The projected TESLA-N accuracy to measure /S.G{x)/G{x) is shown in figure ^ in com- 
parison to projected accuracies for HERMES, COMPASS and RHIC. In comparison to 
COMPASS, TESLA-N will have at least 50 times more statistics (cf. section [H^ ) . Hence 
it will be the only envisaged polarized lepton-nucleon scattering experiment capable to 
determine the ratio AG{x) / G{x) over a wide range of x with an impressive statistical 
accuracy; systematic uncertainties have still to be studied (cf. caption). The overall x- 
range and the projected precision of the STAR measurement at RHIC are comparable to 
the TESLA-N projection. For completeness it has to be mentioned that high accuracy at 
large x can also be realized at JLAB, but their 'theoretical' systematic error can hardly 
be reduced below that at HERMES because of their low center-of-mass energy. 

In addition to the direct methods described above, QCD NLO fits to the spin structure 
function gi{x, Q"^) are able to yield a parametric form of AG(x, Q^). However, no QCD fit 
to the existing data has yet been able to deliver a statistically convincing determination of 
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even the first moment AG{Q'^) = Jq dxAG{x, Q^). At present, this mdirect determination 
of AG{x, Q^) is problematic, because at lower energies the effects of the evolution due to 
AG{x, Q^) cannot be cleanly separated from higher-twist effects. A precision measurement 
of gi{x, Q"^) at TESLA-N will dramatically enlarge the accuracy and the kinematic range, 
as can be concluded from figure ^. To obtain a projection for the first moment, a QCD 
NLO fit was performed in the MS scheme using all DIS data published until summer 2000, 
giving a result of 0.43 ± 0.21 (stat.), at the scale of =1 GeV^. The resulting structure 
function gi{x,Q^), in its parametric form, was then evolved into the kinematical region 
of TESLA-N and then used as additional input data for two new fits. Adding data that 
correspond to 100 fb~^ using a proton target improves the statistical accuracy down to 
±0.06. An additional data set obtained with 100 fb~^ on a deuteron target yields a further 
improvement down to ±0.04. This additional deuteron data set considerably improves 
the statistical accuracy in the determination of the non-singlet quark distribution in the 
neutron, when comparing to existing data. 

A comparison of this indirect determination of AG{x, Q"^) with the above described direct 
determinations will allow important consistency checks that in the end will lead to a 
reliable picture of how the gluons contribute to the nucleon spin. 

Last, but not least, results for the unpolarized gluon distribution at large x are of great 
importance to many searches for new physics and to the uncertainties in estimating con- 
ventional cross sections in the large- a; region for background processes to the Higgs-search 
at LHC Present fits to the unpolarized gluon distribution in the region x > 0.15 are still 
dominated by the old and partially inconsistent data of NA14/2, E691 and E687. The 
most suitable processes to determine the unpolarized gluon distribution at large x are, as 
in the polarized case, heavy-quark pair production and the production of pairs of high-p^ 
hadrons. These measurements will automatically also be available at TESLA-N. 

2.4 Higher Twist 

TESLA-N will be able to address a central issue of the present-day QCD discussions in 
inclusive and semi- inclusive physics, namely the role of higher twist. It is clear that the 
applicability of perturbative QCD will eventually come to an end for low photon virtual- 
ities due to the increase of higher-twist effects. They hence play a crucial role in relating 
conventional perturbative QCD results to the bulk of hadron phenomenology. Today it 
is difficult to predict at which scales higher-twist contributions become important in the 
small-x and large-x domain of the different observables since the relevant parameters con- 
trolling them are non-perturbative. Currently this is not even known for the well measured 
unpolarized structure function F2{x,Q'^). In addition, higher-order QCD corrections and 
higher- twist corrections cannot be dealt with independently (cf. e.g. [^^-^). The knowl- 
edge of these corrections is also important for the presently available polarized data, which 
lie mostly in the Q^-domain of only a few GeV^. Obviously, a higher-twist analysis based 
on high precision data for gi{x, Q"^) could help to clarify the situation substantially. This 
would also be important for spin physics in general, because it would reduce in present-day 
fits the uncertainties due to neglected higher-twist contributions. 

A precise measurement of the spin structure function g2{x, Q"^) remains a major challenge 
for future polarized DIS experiments with transverse target polarization. The measure- 
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ments obtained so far will be improved by TESLA-N, extending the measurements 
down to x-values of 5- 10^"^. Besides its twist-2 contribution g2{x,Q^) contains a twist-3 
term the isolation of which is important. At lowest order in QCD twist-2 and twist-3 
contributions to gi{x, Q^) and g2{x., Q^) are connected by integral relations P3|-^ which 
can be tested in this way. Moreover, if the Q^-dependence of the twist-3 contribution to 
5^2(3^5 Q^) can be isolated the validity of new QCD evolution equations, cf. e.g. 
be tested. Both issues provide new and important tests of QCD. 
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There are several more distribution and fragmentation functions for polarized electron- 
nucleon scattering. Mulders and collaborators have given a classification of all twist-2 and 
twist-3 functions |]TT],|12[. From a purist's point of view it can be argued that all of them are 
equally important, as they all test different features of nucleon structure and fragmentation 
dynamics. A more phenomenological point of view would be to concentrate on those that 
have an intuitive physics significance or probe specific QCD dynamics. Presently a lot of 
theoretical work is invested into the development of such an intuition (cf. e.g. 



2.5 Fragmentation Functions 



A comprehensive study of fragmentation processes is of great value in itself. To make 
full use of the data collected by the B-factories and (partly) LHC will require a good 
understanding of many different fragmentation processes. The high quality DIS data gen- 
erated by TESLA-N would allow the fine-tuning of the fragmentation codes used for this 
purpose. Contemporary semi-inclusive analyses usually assume knowledge of the frag- 
mentation functions, as obtained from e+e~ hX, and use these as a tool in studying 
the parton distribution functions. However, several new analyses of the e"'"e~ data have 
appeared pIl-[53[]. All agree very well with the data, yet their derived fragmentation func- 
tions differ significantly; in some regions of z by 40-100 %. As a result, it has become 
crucial to use semi-inclusive DIS data to measure parton distributions as well as frag- 
mentation functions. There is no problem of principle; all that is required is a sufficiently 
large amount of high quality data |Q. While this is beyond present day experiments, 
TESLA-N should be able to stand up to the challenge. However, no specific projections 
have been worked out yet. 



2.6 Specific Deuteron Structure Functions 



In deep-inelastic scattering on a polarized spin 1 target new structure functions are in- 
volved that do not appear for a spin | target. At leading twist the new functions are 
^1(2) (a;, Q^) 1^ and A(a;,Q^) [Q. These hitherto completely unknown structure func- 
tions measure the extent to which the deuteron is not a trivial bound state of proton and 
neutron. A(x, Q^) is especially interesting since it describes a flip of the photon helicity by 
two units. It probes the gluonic components of the deuteron wave function which cannot 
be identified with any contribution from the constituent nucleons or virtual pions. 

The structure functions bi{2){x) are accessible when the polarized electron beam is scat- 
tered off longitudinally polarized deuterons. The measurement of A(x, Q^) requires an 
unpolarized electron beam and transversely polarized deuterons. In the latter case a char- 
acteristic azimuthal angular dependence of the cross section, da ~ cos 20, is predicted. 
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All these specific deuteron structure functions are expected to be of rather small size and 
thus a high luminosity polarized experiment as TESLA-N appears to be the ideal place 
to access information on this non-trivial parton composition of the deuteron. 



3 Layout of the Experiment 



3.1 Polarized Target 



One of the main ingredients of the TESLA-N apparatus is the polarized target. To reach 
the required high luminosity with a small fraction (20 nA, cf. section |3.2|) of the total 
TESLA current (45 yuA) a polarized solid state target of about 1 g/cw? areal density was 



chosen, similar in design to the one used at SLAG |p5 | 



The polarized target will consist of a ^He evaporator cryostat, a 5 T Helmholtz-type 
magnet and a 140 GHz microwave system for permanent Dynamic Nuclear Polarization. 
The polarization is measured by Nuclear Magnetic Resonance. The maximum allowed heat 
load on the target is limited by the cooling power of the evaporator cryostat to about 
1 W at a temperature of 1 K. The total heat load on the target due to the beam for a 
current of 20 nA has been calculated to be only about 50 mW Hence, there should be 



no basic problem with the cooling. Because 1 K is rather warm on the temperature scale 
of polarized targets, a strong magnetic field must be chosen to achieve reasonably high 
polarization values. The magnetic field is limited to 5 T, because the power of microwave 
sources with frequencies higher than 140 GHz is insufficient today. A symmetric Helmholtz 
design of the magnet combines excellent homogeneity with large opening angles for both, 
longitudinal and transverse polarization. The two main criteria for the choice of the target 
material are low dilution by unpolarized nucleons and resistance against radiation damage 
with respect to the intense TESLA beam. Therefore NH3 ( Pt = 0.8, f = 0.176) and ^LiD 
{Pt = 0.3, f = 0.44) presently appear as the best choices to study electron scattering off 
polarized protons or deuterons. 

A large number of physics questions can be addressed in high luminosity running with 
different unpolarized nuclear targets. Targets with very high atomic numbers can be easily 
constructed forming appropriately thin foils. In this case electron beam currents may be 
possible that are considerably higher than 20 nA. 



3.2 Polarized Electron Beam 



The electrons for TESLA-N will be accelerated together with the positrons in the north 
arm of the TESLA main accelerator. This 'opposite charge option' was chosen to be able 
to realize a separation between the beam for the eN-experiment and the main beam by 
a static magnet system. This system would have a length of about 150 m and be located 
upstream of the separation for the two main interaction points (cf. figure |T0|). The beam 
energy initially will be 250 GeV; energies up to 500 GeV may be possible in a later phase 
of TESLA. 
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Fig. 6. Time structure of the polarized electron beam in TESLA (south arm) fully exploiting the 
1.3 GHz machine frequency. 

Both TESLA arms are planned to run with a 5 Hz macropulse repetition rate for e+e"- 
operation. Additional 5 Hz will be run along a limited fraction of the south arm to 
facilitate FEL operation. The corresponding time structure of the polarized electron beam 
is illustrated in figure |[ The 0.5 % north arm duty cycle in conjunction with the basic 
machine frequency of 1.3 GHz has most severe consequences for the proposed experiment. 
Using the same time structure as foreseen for the e+e~-experiment, i.e. one bunch of 20 ps 
length crossing the target every 337 ns, would result in as much as a few hundred quasi- 
real photo-production events within these 20 ps. This is an unacceptably high rate for an 
eN-experiment, because the scattered electron must be uniquely assigned to the hadrons 
produced in the same interaction. To minimize the number of multiple events per beam 
crossing while maximizing the luminosity, it is foreseen to fill every bucket of the bunch 
train (one every 0.77 ns), while limiting the beam current to 20 nA. This corresponds 
to 20k electrons per bunch and to 6.2 million bunches per second crossing the TESLA-N 
target. 

Although being beyond the scope of the present study, it should be noted that a few 
improvements for eN-operation appear to be feasible. 

(1) Also along (part of) the north arm a 10 Hz macropulse repetition rate could be used. 
This would double all performance figures for e~N-operation. 

(2) Two intermediate ejection points are technically feasible. For the FEL, i.e. in the 
south arm, there will be 2 ejection points (at about 25 and 50 GeV). By RF tuning a 
dynamic range of about 2 will be routinely available, such that de facto energies 12.5 
to 25 GeV (at point 1) and 25 to 50 GeV (at point 2) can be 'dialed'. It is technically 
feasible to have two ejection points also in the north arm at e.g. 50 and 100 GeV. 
This would allow the selection of any energy between 25 and 100 GeV in addition to 
the full energy of 250 GeV. 

Physics requirements suggest to study e+N- interactions as well. It is technically unprob- 
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lematic to install an additional (low intensity) positron source besides the separate elec- 
tron source that is already required for e~N operation. Since the 'eN-positrons' will need 
a kicker magnet to be separated from the 'collider-positrons', only the extra 5 macro 
pulses in the 10 Hz 'a la FEL' mode could be used, thus limiting the duty cycle to 0.5%. 
Presently no solution is known to obtain polarized positrons in such a configuration. The 
production of polarized positrons requires > 150 GeV electrons, as planned for TESLA 
e"'"e~ operation. However, at present it appears not realistic to assume that this system 
could also deliver polarized positrons for eN. 

An electron current of 20 nA constitutes only about 0.04% of the main beam current. 
Therefore the energy consumption for beam acceleration at TESLA-N can be considered 
to be almost negligible. This advantage implies the drawback that monitoring of the small 
electron beam cannot be done together with that of the high current beam in the main 
linac, but only before and after acceleration. This requires further studies. 



3. 3 Overview of the Apparatus 



In a fixed-target electron-nucleon scattering experiment at 250 GeV, acceptable reso- 
lutions in particle momentum and scattering angle may only be achieved by using a 
multi-stage spectrometer. A schematic sketch of a possible TESLA-N apparatus is shown 
in figure 0. All three stages of the spectrometer will use large dipole magnets (SMl-3) 
for momentum analysis. As can be seen from the figure, the overall dimensions of the 
TESLA-N apparatus are comparable to those of COMPASS |0 because the kinematics of 
both experiments are similar. 



Most hadrons are to be measured in Stage 1 , while most of the scattered electrons and, in 
addition, a part of the leading hadrons will be detected in Stage 2. For both Stage 1 and 2 
electron/hadron separation, hadron identification, and electron/photon separation will be 
very important and hence their design looks similar to the HERMES spectrometer (B7 . 



Stage 3 is required to detect scattered electrons down to the lowest possible angles and 
will need adequate tracking capabilities combined with some electron/hadron separation. 



While at COMPASS a thick target is traversed by incoming muons, the relatively thin 
solid state target planned for TESLA-N will be hit by electrons that cause a much higher 
rate of bremsstrahlung. Its rate amounts to about 20% of the incoming electron rate at a 
target thickness of 1 g/cm^. Due to the magnetic deflection, the resulting lower momentum 
electrons form a 'sheet of flame' on their way down the spectrometer. While the width 
of the sheet-of-flame itself is below 1 mm, its effective width corresponds to a possible 
wobbling area of the incoming electron beam that must be of the order of a few mm 
to match the target size. The electrons and the bremsstrahlung photons must not meet 
any material in their way to avoid background showers. The safest way to ensure this 
is to provide a vacuum chamber that contains not only the high energy beam electrons, 
but also the sheet-of-flame electrons and the radiated photons, as well as the synchrotron 
radiation produced in the three spectrometer magnets and the target magnet. Instead of 
only a vacuum pipe an extended vacuum vessel appears to be necessary. This vessel forms 
a narrow 'slit' whose height (in the bending plane) is increasing along the spectrometer, 
while its width can be as low as ±2 cm. 
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Fig. 7. Schematic side view and top view of the envisaged TESLA-N apparatus. For an explanation 
of the acronyms see the text. 

The sheet-of-flame must be oriented towards a beam dump close to the experiment. To this 
end, the dipole fields in SMl-3 should be oriented horizontally and the above mentioned 
vacuum vessel extends vertically down from the beamline. As a further consequence, SM2 
and SMS will most likely be C-type magnets. The integrated magnetic fields will be 2 Tm 
for SMI and 5 Tm each for SM2 and SMS. 



The envisaged very high luminosity of the experiment leads to very high interaction 
rates, so that a few hundred charged tracks can be expected per 'recorded event'. Here 
'recorded event' stands for the pile-up of physics events over the typical integration time 
of the tracking detectors (cf. section |S.4| ). These conditions make it impossible for a single 
tracking device to have both the required very fast response and the necessary position 
resolution. Therefore it is planned to combine fast tracking detectors (e.g. scintillating 
fibres), so-called 'key planes' (KPl-6), with precise tracking detectors. These detectors 
could be drift chambers (DCl-6). Similar to COMPASS, where a 2 ns resolution was 
shown recently the fast but less precise detectors will serve to 'snapshot' events on 
the bunch level which cannot be resolved by the slow but precise detectors ('fast-slow 
tracking'). 

The first section of SMI will bend out the particles with momenta below a few hundred 
MeV. Hence a first slow and less precise position detector ('magnet chamber', 'MCI') 
may possibly be already accommodated within the gap of SMI. Since Stage 1 of the 
spectrometer will analyse predominantly particles in the momentum range of 1 to some 
10 GeV, where multiple scattering is still an issue, the thickness of all Stage 1 tracking 
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detectors must be optimized against their precision and possibly a large low pressure 
container will be used. Choosing 150 ns as a representative integration time for the 'slow' 
detector, the cell size of all detectors must be small enough to deal with the expected high 
occupancies. The requirements for the Stage 2 detectors are expected to be less severe. 

The electron-hadron separation in both Stage 1 and 2 will be provided by combinations 
of transition radiation detectors with electromagnetic calorimeters (TRDl/2, ECALl/2), 
complemented by ring-imaging Cerenkov detectors for hadron identification (RICHl/2). 
For Stage 3 only an electromagnetic calorimeter (ECAL3) is foreseen. In addition, the gaps 
of SM2 and SMS can be instrumented with suitable tracking detectors, e.g. proportional 
chambers (MC2-7), to minimize acceptance losses. Both ECALl and ECAL2 must not 
cover the entrance cone to the next spectrometer stage, while all other detectors in Stage 1 
and 2 have to be designed with the central slit for the through-going flux of photons and 
high energy electrons, as discussed above. 



Certain reaction channels greatly benefit from additional kinematic constraints that can 
be obtained by measuring 'recoil' particles. In the given kinematics, recoil particles leave 
the target under laboratory polar angles of a few tens of degrees. Their detection can 
hence be accomplished by a small-size barrel detector surrounding the target and/or 
forward 'wheels' similar to those developed at HERMES The target holding field 
may even allow for some momentum analysis, while some particle identification may be 
possible through ionization signals. 



3.4 Luminosity and Acceptance 



An areal target density of 1 g/cm^ of polarizable material that is hit by bunches carrying 
20k electrons each, leads to a maximum possible luminosity of 12 mb~^ per bunch. With 
the above explained 6.2 million bunches per second this corresponds to a luminosity of 
7.5-10'^'^ cm~^ s~^, which represents the maximum value possible with the present TESLA 
design. 



Table |l| shows the envisaged luminosity of TESLA-N in comparison to other current or 
planned electron scattering facilities. The first entry corresponds to the present TESLA 
design with a 5 Hz macropulse repetition rate in the north arm; the second entry applies 
if a (technically feasible) rate of 10 Hz is assumed (cf. section |3.2|) . When comparing 
luminosities of fixed-target experiments (upper panel) and collider experiments (lower 
panel), the degree of polarization and purity (= fraction of the polarized material) of the 
involved nucleon have to be taken into account. For example, when comparing a polarized 
NHs-target and a circulating proton beam, the effective luminosity of the polarized fixed- 
target experiment is lower by a factor of about 25. 



Adopting a conservative ansatz for efficiencies, namely a combined up-time of accelera- 
tor and experiment of 0.33 in conjunction with an efficiency of the experiment of 0.75, 
results in the conservative overall efficiency factor of 0.25. This factor leads to maximum 
achievable integrated luminosities for TESLA-N of 1.6 fb~^ per effective day, 50 fb~^ per 
effective months, and 600 fb~^ per effective year. The term 'effective' was chosen here 
to characterize a running period during which both accelerator and experiment operate 
routinely including all usually occurring day-by-day problems. 
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Table 1 

Comparison of luminosities and cm. energies for current and planned electron scattering facilities 

At maximum luminosity every bunch (one every 0.77 ns) produces on average 0.2 quasi- 
real-photoproduction events with i/ > 3 GeV. For an average multiphcity of about 3 
detected charged hadron tracks per physics event this corresponds to about 100 hadron 
tracks in Stage 1 per recorded event. The typical integration time and thus the length 
of the recorded event is assumed to be 150 ns, corresponding to about 200 bunches. The 
additional rate from Moller electrons with an energy above 1.5 GeV amounts to about 
1 per bunch, or about 200 electron tracks per recorded event. However, Moller electrons 
reaching the spectrometer can be uniquely distinguished from DIS electrons with > 1 
GeV^ by their kinematics. Only about one DIS event with > 1 GeV^, > 4 GeV^ 
and polar angles above 5 mrad will be contained in one recorded event. 



A crucial question for the analysis of DIS events is whether they can be cleanly identified 
or whether they are mixed with other events. For the above quoted 0.2 photoproduction 
events per bunch about 18% of all DIS events will be accompanied by a photoproduction 
event produced by the same bunch. Off-line cuts on the total deposited energy, the track 
multiplicity and the energy of the leading hadron have to be used to identify and remove 
these events. From preliminary considerations it is expected that in the end this multiple 
event fraction for DIS events can be safely reduced to a level of about 1% or less. 



In certain areas more work has to be invested to solidify the assumptions made above: 

i) It is presently assumed that a time resolution of 0.77 ns can be realized in the future 
for the fast tracking detectors at TESLA-N. As it was proven recently, today's technology 
already allows to reach 2 ns |58]. In a conservative approach a beam current lower by a 
factor of 3 would have to be assumed. 

ii) The method to reduce the multiple event fraction in a DIS event from 18% to the 
envisaged 1% can only be developed on the basis of a careful Monte Carlo study. There 
is very little doubt that a factor of 3 can be realized easily. In a conservative approach 
a beam current lower by a factor of 6 would have to be assumed to arrive at the design 
value of 1%. 
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It is anticipated that adequate answers can be found for these questions. To leave a 'safety 
margin' until the above questions will have been answered, it was decided to assume for 
all physics projections a reduction of the beam current, i.e. consequently also of the 
luminosity, by a factor of 6. This decrease in beam current will relieve both point i) and 
ii). In the most conservative approach, where both i) and ii) are taken at their lower 
limits, the beam current and thus the luminosity for the physics projections needs not 
to be reduced further than the factor of 6, because another factor of 3 can be gained by 
running for three years instead of one. Altogether it thus appears to be a well-founded 
starting point that 100 fb~^ per effective year is the conservative integrated luminosity 
of TESLA-N. This number was taken to calculate all projected statistical uncertainties 
throughout this document. It appears worth noting that it is still a factor of 50 above the 
maximum achievable integrated luminosity of 2 fb~^, presently planned for one effective 
year of COMPASS running with the same overall efficiency factor of 0.25. 
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Fig. 8. Acceptance of the TESLA-N spectrometer for the scattered electron. 

The acceptance of the TESLA-N spectrometer for the scattered electron in the {x, Q"^) 
plane is shown in figure ^ Electrons with high (>10 GeV^) are predominantly detected 
in Stage 2, while low-Q^ electrons (<10 GeV^) are detected in Stage 3. Figure ^ shows the 
acceptance for leading hadrons as a function of 2; = Eh/v. More than 80% of all leading 
hadrons are detected in Stage 1 of the spectrometer while about 40% of them are detected 
both in Stage 1 and 2 (for z > 0.15). As a result, these hadrons are detected with good 
momentum resolution independently of the vertex reconstruction. The opening of SMI 
limits the acceptance to 6'^. < 225 mrad and 6y < 280. The lowest possible detection angle 
6min is about 5 mrad for momentum analysis within Stage 2 including the detection plane 
in front of SM 2. If Stage 3 is used including the detection plane in front of SM 3, 9min 
can be reduced to values as low as 2-3 mrad. These approximate figures are based on a 
width of the vacuum vessel of ± 2 cm and a width of the DC frame next to it of 3 cm. 
For electrons, 9min directly determines the lowest reachable Bjorken-x. 



3.5 Resolution in Kinematic Variables 



Reliable values for the individual detector resolutions are not yet worked out. A momen- 
tum resolution on the level of 0.5 % appears to be a reasonable assumption. It can be 
achieved in spectrometer Stage 2 for tracks with momenta below 100 GeV, if a (reahstic) 
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Fig. 9. Acceptance of the TESLA-N spectrometer for the leading hadron. 



position resolution of about 100 fim per space point is available. A similar momentum 
resolution for tracks crossing Stage 3 with momenta up to 200 GeV requires better po- 
sition resolutions. For the angular resolution 0.3 mrad can be assumed as a preliminary 
value. The expected spread in the beam momentum (0.1%) is small enough to not affect 
the resolution in any of the kinematic variables. Possible beam energy losses prior to the 
interaction have not been studied yet. 

The resolutions in the different kinematic variables are characterized by two different 
effects. On the one hand, the resolution in is dominated by the resolution in the 
electron scattering angle. Only an angular resolution of the order of 0.3 mrad or better 
can lead to Q^-resolutions at the level of a few % at large x-values. None of the other 
spectrometer resolutions have such a strong impact on the resolution. On the other 
hand, the resolution in the variables u, x and z is dominated by the momentum resolution 
of the spectrometer that, in turn, has little impact onto the resolution. 

Most of the non-leading and part of the leading hadrons will be detected in the Stage 1 of 
the spectrometer while the higher-momentum leading hadrons will be measured both in 
Stage 1 and Stage 2. A moderate hadron momentum resolution of the order of 1% would 
be acceptable, provided that the electron momentum resolution is good enough. 

3. 6 Civil Engineering 

The basic layout for the proposed eN-experiment within the mostly fixed TESLA infras- 
tructure is shown in figure 0. 

A separate electron gun system is required for TESLA-N at the north end of the TESLA 
machine. It is envisaged to use a laser driven strained GaAs SLAC-type gun that must 
be made capable to deliver 20k highly polarized electrons per 0.77 ns. It must be followed 
by a separate preaccelerator whose end energy and type are under discussion. Present 
options are a TESLA-type accelerator or a normal-conducting MAMI-type microtron. A 
short extra tunnel is required from the separation building to the TESLA-N hall. The 
TESLA-N experimental hall would be placed as far north as the site permits to minimize 
construction costs. An extra beam absorber is required. 
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Fig. 10. Schematic top view of the machine-related elements. 



4 Summary 



This document presents the prospects for a polarized deep-inelastic electron-nucleon scat- 
tering experiment at the TESLA facility at DESY. For the first time a complete mapping 
of the Q^- and x-dependence of both the helicity and the transversity distributions 
and bq will become possible. Complemented by precise results on the polarized gluon dis- 
tribution most of the components of the angular momentum structure of the nucleon will 
be determined with high precision. Hence, the measurements foreseen at TESLA-N will 
constitute one of the most comprehensive and precise investigations of hadronic properties 
and tests of QCD techniques in the polarized sector. These measurements will open an 
access to the hitherto unknown chirally odd operators in QCD and thus greatly improve 
the understanding of the role of chiral symmetry. 

A possible layout for a fixed-target electron-nucleon scattering experiment TESLA-N is 
presented as well. A separate hall is foreseen north of the main e+e~-interaction point. 
First design considerations for a polarized target, a three-stage spectrometer and a recoil 
detector are discussed. It is concluded that the experiment is technically feasible, although 
many aspects of the design require further study. 

The proposed deep-inelastic eN-experiment at TESLA constitutes a highly competitive 
and very cost-effective solution. It will be unique as it combines high luminosity with 
large center-of-mass energies, using highly polarized electron beams and targets. The 
possibilities of using unpolarized targets and of experiments with a real photon beam 
turn TESLA-N into a versatile next-generation facility at the intersection of particle and 
nuclear physics. Finally, this experiment would be the natural continuation of the HERA 
tradition at DESY in studying the structure of the nucleon with electromagnetic probes. 
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